This work provides the first experimental evidence of an H2 effect in C3H6-SCR over an Au/Al2O3 catalyst. This effect could only be observed when the number of Au catalytic sites was decreased. The N2 turnover rate estimated for the first time for the Au catalytic sites for H2-C3H6-SCR was found to 10 be similar to that estimated for Ag ones supported on Al2O3.
Environmental standards on vehicle harmful emissions, such as nitrogen oxides (NOx = NO + NO2) and carbon monoxide (CO), have led to the development and the implementation of catalytic converters in the early 1970s. 1 The increased severity of the 15 emission standards requires the development of ever more efficient catalyst formulations and/or improved aftertreatment technologies. In particular, the removal of NOx from lean exhausts (excess of oxygen), which made the Three-Way Catalysts useless, has become extremely challenging at low 20 temperature and has been the subject of intensive investigations in the last couple of decades. 1,2 Even though aftertreament strategies such as the Selective Catalytic Reduction of NOx by ammonia (NH3-SCR) and Lean-NOx Traps (LNT) made it possible to meet the current NOx emission standards, these 25 technologies suffer from significant shortcomings.
1,2
As suggested by Burch, 1 the reduction of NOx by hydrocarbons (Hydrocarbon Selective Catalytic reduction: HC-SCR) could be an elegant alternative to these technologies.
HC-SCR has been intensively studied since it was discovered 30 that NOx could be selectively reduced to N2 by hydrocarbons. 3 Later, Miyadera firstly reported on the promising performance of Ag/Al2O3 in HC-SCR with various light hydrocarbons. 4 Since this pioneering work, the Ag/Al2O3 system has been investigated thoroughly until recently. 5, 6 Yet the performance of Ag/Al2O3 is 35 still well below that required to meet the NOx emission standards, in particular at temperatures below 300 °C. A breakthrough in this field was provided by Satokawa and co-workers who discovered that the addition of minute amounts of H2 in the HC-SCR feed had a dramatic promoting impact on the low 40 temperature performance of Ag/Al2O3 with light hydrocarbons. 7 This so-called "hydrogen effect" was then reported in many studies in which various types of hydrocarbons were used. 8 Although Au belongs to the same column of the periodic table of the elements as Ag, and Au has been the subject of a great 45 number of studies in many catalytic reactions, such as CO and alcohol oxidation 9 and selective hydrogenation 10 , supported Au catalysts have been studied in a surprisingly limited number of C3H6-SCR investigations. [11] [12] [13] [14] [15] In these studies it was shown that Au supported on Al2O3 provided the best catalytic performance 50 but at higher temperatures compared to the other supporting oxides investigated. It was also shown that the catalytic performance of the Au/Al2O3 samples could be promoted to a significant extent with the addition of Mn2O3, 12-14 Co3O4 14 and CeO2. 14, 15 To our knowledge, the influence of H2 in the HC-SCR reactions using C3H6 and/or n-60 decane (n-C10) as reductants was reported only once by Miquel et al. on a Au(1wt%)/Al2O3 catalyst. 16 In this study, the H2 promoting effect was shown for H2-n-C10-SCR but not for H2-C3H6-SCR. This is particularly intriguing as an "H2 effect" has been reported for both C3H6 8 and n-C10 17 on Ag/Al2O3 samples.
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The aim of the present study is to provide further insights into the H2-assisted HC-SCR reaction on Au/Al2O3 and in particular into the reason why the "H2 effect" has not been observed in C3H6-SCR on Au supported on Al2O3. 16 The conclusions drawn from the present work may also be impactful for other catalytic 70 reactions involving Au and H2 in the presence of O2.
For this purpose, a Au/Al2O3 sample with 1.6 wt% Au was prepared by deposition-precipitation with urea of HAuCl4 on a γ-Al2O3 support (Procatalyse, 180 m 2 /g) according to the experimental procedure described earlier. 18 After calcination 75 under O2(20 %)/He (100 mLNTP/min) at 550 °C for 2 h, the sample was characterized by TEM on a JEOL 2010 microscope operating at 200 kV equipped with an Orius CCD camera (Gatan). The Au particle-size distribution determined by TEM by measuring ca. 300 particles was found to be rather narrow with a 80 maximum around 2.5 nm (Fig. 1 ). The mean Au particle size calculated as Σnidi 3 /Σnidi 2 where ni and di represent the number of Au particles and their corresponding diameter (nm), 19 respectively, was found to be 3.3 nm. Such a particle-size distribution is in good agreement with values reported earlier The catalytic C3H6-SCR and H2-C3H6-SCR performances of the Au/Al2O3 sample were evaluated consecutively in a dynamic 10 fixed-bed micro reactor by stepwise increase of the reaction temperature from 150 to 550 °C, as described in details in our previous studies. 5, 8 On 0.33 g of Au/Al2O3 under the experimental conditions described in the caption of Fig. 2 , the reduction of NOx to N2 occurred from 200 to 550 °C with a 15 maximum in conversion of about 40 % at 350 °C in C3H6-SCR (Fig. 2a, dotted line) . The addition of 0.21 % of H2 into the reacting feed did not affect the conversion of NOx to N2 to a significant extent, suggesting the absence of hydrogen effect for the Al2O3-supported Au catalyst, in agreement with the earlier 20 work of Miquel et al. 16 The conversion of C3H6 to carbon oxides (COx = CO + CO2) was found to be slightly promoted to lower temperatures with the addition of H2 (Fig. 2b) . This shift to lower temperature was much less pronounced than that found on Ag/Al2O3 catalysts under similar experimental conditions. 8 The 25 conversion of H2 is also shown in Fig. 2b . It can be observed that H2 was fully oxidized at 225 °C, thus at temperatures well below those for which significant C3H6 oxidation occurred. This differs substantially from what was reported recently on Ag/Al2O3 catalysts for which H2 and C3H6 oxidations were found to occur 30 concomitantly. 8 In order to help the conversions of H2 and C3H6 better coincide, the catalytic H2-C3H6-SCR performance was evaluated on a much smaller amount of Au/Al2O3 (0.07 g diluted in 0.30 g of Al2O3). In such a case, the size Au particles does not change 35 and thus only the number of Au active sites is decreased. As illustrated in Fig. 3b , the oxidation of H2 and C3H6 were shifted to higher temperatures by 93 and 55 °C, respectively, on the diluted Au/Al2O3 sample compared to the experiment carried out on the non-diluted Au/Al2O3 sample (Fig. 2b) . The narrowing of the temperature domain within which both H2 and C3H6 are oxidized 50 for the diluted sample (∆T2 = 95 °C, Fig. 3b ) compared to the non-diluted catalyst (∆T1 = 133 °C, Fig. 2b ) remarkably influences the conversion of NOx to N2 (Fig. 3a) , and an hydrogen effect can be observed for the first time in C3H6-SCR on Au/Al2O3. In the presence of H2 in the C3H6-SCR feed indeed, 55 the diluted sample exhibited higher performances and at remarkably lower temperatures (Fig. 3a , solid line) than in the absence of H2 (Fig. 3a, dotted line) . In addition, the overall NOx conversion to N2 in the 150-550 °C temperature range for the Au/Al2O3 diluted sample (Fig. 3a , solid line) was found to be 60 higher than that measured on the non-diluted sample (Fig. 2a) in H2-C3H6-SCR although the amount of Au/Al2O3 in the diluted sample was about five times lower. It was verified that the diluted Au/Al2O3 sample did not exhibit any NOx reduction activity in the absence of C3H6 in the reacting feed (H2-SCR), as also 65 reported earlier on Ag/Al2O3. 7 Contrary to Ag/Al2O3, 5,8 the addition of H2 to the C3H6-SCR feed led to a decrease in the production of N2O on the Au/Al2O3 diluted sample. The selectivity in N2O (defined as N2O/(N2+N2O) x 100) increased up to 21 % at 550 °C in C3H6-SCR, whereas it remained below 7 % 70 in H2-C3H6-SCR (not shown). Finally, one can note the fact that a much lower number of catalytic sites could positively influence the catalytic performance is rather counter-intuitive in the field of catalysis. Most important, this work thus sheds light on the origin of the 75 absence of "H2 effect" reported to date in C3H6-SCR on Au/Al2O3, 16 which we attribute to the too high number of Au catalytic sites in the aliquot of sample tested by Miquel et al. 16 This resulted in the over-oxidation of H2 by O2 at temperatures at which C3H6
was not yet activated, as clearly illustrated in Fig. 2b . The observation of an "H2 effect" on a Au/Al2O3 sample with n-C10 as a reductant 16 is thus attributable to the lower activation 5 temperatures of such a higher hydrocarbon 17 compared to C3H6, 16 which therefore better coincides with the temperatures of H2 activation.
As this work provides the first experimental evidence of an "H2 effect" in C3H6-SCR on Au/Al2O3, it appeared relevant to 10 compare the production of N2 on Au sites to that found on Ag sites under similar experimental conditions 8 on a turnover rate (TOR) basis. N2 TOR represents the rate of N2 formation per metal (M: Au or Ag) surface atom. In the case of Au/Al2O3, the number of Au surface atoms was estimated from the mean Au 15 particle size determined by TEM (Fig. 1) and the associated dispersion. 19 Regarding the Ag(0.88 wt%)/Al2O3 catalyst, it was assumed that the Ag atoms were all accessible (Ag dispersion of 100 %) as earlier characterization of Ag/Al2O3 samples with Ag loadings as high as 2 wt% by EXAFS concluded to the presence 20 of Ag as clusters of 3-8 Ag atoms. 21 The N2 turnover rates were estimated at 250 °C, as we reported previously that the contribution of the bare Al2O3 support was negligible for temperatures lower than or equal to 250 °C. 8 Table 1 lists the conversions of NOx, C3H6 and H2 together with the corresponding 25 data required for the estimation of the N2 turnover rates for the Au/Al2O3 sample investigated in the present work and for a Ag/Al2O3 sample studied previously. 8 It can be seen that the N2 turnover rates are close to each other, differing by less than one order of magnitude, on Au and Ag sites supported on Al2O3. Note 30 that the higher dispersion and the lower H2 oxidation capacity of Ag compared to those of Au on Al2O3 allow for a better coincidence of the C3H6 and H2 oxidation reactions in the H2-assisted C3H6-SCR reaction and for the introduction of a much higher number of Ag sites than Au sites into the catalytic bed. 
Conclusions
This work provides the first experimental evidence of an "H2 effect" in H2-C3H6-SCR over a Au/Al2O3 catalyst. This effect 45 could only be observed when the number of Au catalytic sites was decreased. In that case, C3H6 and H2 oxidations occurred in a closer range of temperatures, which resulted in an improved conversion of NOx to N2. The N2 turnover rate estimated for the first time for the Au catalytic sites for H2-C3H6-SCR was found to 50 be of the same order of magnitude as that estimated for Ag supported on Al2O3. Yet the higher metal dispersion and the better temperature coincidence between the C3H6 and H2 oxidation reactions in H2-C3H6-SCR on Ag compared to that on Au on Al2O3 allow for the introduction of a much higher number 55 of Ag sites into the catalytic bed and therefore for better catalytic H2-C3H6-SCR performance for Ag/Al2O3 compared to Au/Al2O3.
